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A method is described for maintaining the epidermal struc-
ture of normal rabbit ear skin explants in organ culture for up 
to 12 w eeks. Split-thickness skin specimens were put in dif-
fusion chambers made of either millipore filters or bovine 
collagen membranes, and then submitted to a roller tube 
culture at 15 rpm and 36 °C. The culture medium was Dul-
becco's modified Eagle's medium (DMEM) supplemented 
with 20% fetal calf serum (FCS) + 0.4 .ug/ml h ydrocorti-
sone. The gas used in the culture tube was air + 5% CO2 , 
Autoradiography revealed the incorporation of [3H]-glycine 
into the 68-kD keratin band of explants for up to 12 weeks, 
O rgan culture in vitro is one of the most useful exper-imental models in skin research, for it enables us to observe in three dimensions the behavior of cutane-ous cells, especially epidermal cells. This procedure has been tried in various ways [1- 7]. However, 
results have not always been satisfactory because the epidermis of 
skin explants has tended to become parakeratotic or necrotic in the 
early stages of organ culture. W e have recently developed a stable-
organ culture technique for maintaining the original structure of 
the normal epidermis of rabbits and guinea pigs, as well as human 
normal and psoriatic skin, for as long as 2 weeks in vitro [8 ,9]. In this 
paper, we report successful results in maintaining, by means of fur-
ther modifications of the organ culture technique, the original 
structure of the epidermis of rabbit ear skin for as long as 12 weeks. 
As a result of the application of this enhanced in vitro system, some 
new observations of the effects of EGF on epidermal structures are 
reported. 
MATERIALS AND METHODS 
The culture method used was nearly the same as that reported pre-
viously [8,9] . 
Skin Specimens The ears of rabbits weighing 1.5 - 2.5 kg were 
anesthesized by local iruection of 1 % xylocaine at the proximal part. 
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Abbreviations: 
DMEM: Dulbecco's modified Eagle's medium 
EGF: epidermal growth fac tor 
FCS: fetal calf serum 
HE: hematoxylin-eosin 
3H _ TdR: 3H-thymidine 
LI: labeling index 
L/mrn: number of labeled cells/mm (length of the epidermal layer) 
TGF-a: transforming growth factor-a 
indicating that normal keratinization was maintained 
throughout the entire culture period. The turnover time of 
the epidermis from basal layer to granular layer was around 7 
d in both the early and late stages of culture. The addition of 
epidermal growth factor (EGF) to the culture caused the 
epidermis to become acanthotic with orthokeratosis, but 
with high concentrations ofEGF (~10 ng/ml) parakeratosis 
and increased proliferation of the epidermis occurred. Dexa-
methasone (DMS) strongly inhibited the EGF effect. ] I,west 
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The ears were then shaved and wiped with 70% alcohol on cotton 
swabs, and pieces of split-thickness skin were collected with a Cas-
troviejo keratome set at a depth of 0.1 mm. 
Diffusion Chambers (Fig 1) Pairs of 15 X lS-mm plastic 
square plates (0 .8 mm thick) with 8 X 8-mm windows in the center 
and hinged at one side with two small silicone rings were used. T he 
plas tic holders were then immersed in phosphate-buffered saline 
(PBS) and autoclaved. The plastic used was a type that tolerated 
autoclaving. Millipore filters (GSWP) with a pore size of 0.22 j1.m 
were cut into 10-mm squares, immersed in PBS, and sterilized in an 
autoclave. Bovine collagen membranes (Meipack, Meiji Seika Phar-
maceutical Company, Tokyo) were cut into 10-mm squares, stored 
in 70% alcohol, and washed with sterile PBS before use. Skin speci-
mens were cut into 10-mm squares and placed between pairs of 
millipore filters or collagen membranes, which were held together 
tightly between pairs of plastic plates. Each holder encasing a skin 
specimen was bound with a small silicone ring at the opposite side of 
the hinge, forming a diffusion chamber. Collagen membranes were 
renewed at each medium change by removing the diffusion 
chamber from the culture tube and, with a pair of tweezers;splitting 
off the membrane adherent to the dermal side of the skin explant. 
New membranes were then applied to the explallt. Millipore filters 
were not replaced during culture. 
Culture Tubes (Fig 1) Disposable 50-ml plastic syringes were 
used as culture tubes. The hole for the needle was sealed with melted 
plastic material , and the other end of the syringe was closed with a 
rubber plug. The plug held a pair of 18-gauge injecting needles, 
penetrating it near the center. The tubes and rubber plugs with 
needles were sterilized in an autoclave, and an aliquot of 10 ml 
incubation medium was then put into the tube. Each diffusion 
chamber with its skin specimen was put freely into the medium in 
the culture tube. A gas bomb containing air + 5% CO2 was pre-
pared, and the gas was blown into the culture tube through a needle 
on the plug for about 3 min. The pair of needles was then closed 
with small plastic plugs. 
Incubation Medium The incubation medium was DMEM sup-
plemented with 20% FCS plus 0.4 fLg/ml hydrocortisone, 50 U Iml 
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Figure 1. Roller tube culture. Construction and assembly of a diffusion chamber and a culture tube (left), and a modified roller tube culture incubator (right). 
penicillin, and 50 flg/ml streptomycin. Usually, the incubation me-
dium was renewed every 2 or 3 days. 
Roller Tube Culture The culture tube was rolled with its axis 
held at an angle of about 10· to the horizontal, at 15 rpm and 36·C 
in a modified roller tube culture incubator (Type SB-2, Ikemoto 
Rikakogyo Co., Ltd., Tokyo) . 
Histologic Analysis At the end of culture, explants were re-
moved and fixed in 10% formalin for hematoxylin-eosin (HE) 
st3;ining. 
Autoradiography 3H-thymidine eH-TdR, 2 flCi/ml) was 
added to the culture for 14 h (pulse labeling) on the appropriate day 
of culture. Skin specimens were then dipped into 10% formalin an 
submitted to autoradiography. For examination of the turno 
time of the epidermis, explants were pulse-labeled, and the celli 
were chased in fresh isotope-free medium. Some of the explants 
were fixed in formalin each day. The labeling index (LI) was calcu-
lated as the ratio of number of labeled cells to number of epide.rmal 
basal cells. In some cases, the number of labeled cells per mm 
(L/mm) (length of the epidermal layer) was counted. 
Addition of Various Substances Substances added to the cul-
ture were human EGF (Amersham, Japan) and DMS. 
Figure 2. Representative aspects of rabbit ear skin explants in organ culture. A, skin specimen before culture; B, after 3 weeks' culture; C, after 6 w . 
culture; D, after 8 weeks' culture; E, after 10 weeks' culture; F, after 12 weeks' 'culture. B-F, explants show, as in A, in vivo, the completely kerati.nizt..! 
homogeneous horny layers and the granular layers composed of spindle-shaped cells with pyknotic nuclei and densely packed keratohyaline granuL 
Magnification X 400. 
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Analysis of Keratin Pattern Skin explants were removed from 
culture after 14 h-pulse-labeling with 2 ,uCi/mI 3H-glycine on the 
appropriate days, washed with PBS, and stored frozen at -20°C, 
until they were submitted for SDS-polyacrylamide gel electropho-
resis (SDS-PAGE). Keratin patterns were analyzed, and incorpora-
tion of the isotope into the keratins was determined by autoradiog-
raphy. 
RESULTS 
Representative Aspects Under optimal culture conditions, the 
whole epidermal structure, including the completely keratinized 
horny layer and the granular layer, was maintained for as long as 12 
weeks, as shown in Fig 2. In diffusion chambers made of collagen 
membranes, the formation of an epiboly (a skin explant surrounded 
completely by the growing epidermal layer) was prevented because 
rhe membranes, which trapped growing epidermal cells, were fre-
quently renewed (Fig 3A). In diffusion chambers made of millipore 
filte rs, epibolies were formed within 1 week of culture, resulting in 
degeneration or parakeratosis of the epidermis over the major por-
tion of the surface of the epiboly; but resulting in maintenance of 
normal epidermal structure on a minor portion during culture for up 
ro 12 weeks (Fig 3B). Millipore filters were not effective in trapping 
rhe growing epidermal cells and failed to prevent the formation of 
an epiboly. To form an epiboly, epidermal cells grow out from the 
edges of the explants (Fig 3A), as well as from the cut ends of hair 
follicles on the dermal sides of the explants (Fig 3A). Thus, the 
degree to which epidermal structure could be maintained was 
MF c 
Figure 3. Various aspects of explants in organ culture. A, after 3 weeks' 
culrure . Epidermal cells growing from cut ends of hair follicles were trapped 
in the network of bovine collagen membranes (arrows). Magnification 
XI00. B, after 8 weeks' culture. The epidermal layer on an epiboly is well 
maintained with a good granular layer. To form an epiboly, the epidermal 
bra is grown out from the edge of the explant. DM, dermis. Magnification 
X400. C, after 10 weeks' culture. A well-differentiated epidermal layer is 
formed directly on the millipore filter. MF, millipore filter. Magnification 
X 100. 
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Figure 4. Time course of LI of epidermis during .organ culture. 
higher in diffusion chambers comprised of collagen membranes 
than in those comprised of millipore filters. Sometimes, an ortho-
keratotic epidermal layer without dermal components was seen di-
rectly on the millipore filters (Fig 3C). 
In the dermis of cultured explants, collagen bundles, fibroblasts, 
and outer root sheaths of hair follicles were well maintained (Figs 2, 
3A, 3B). 
LI of 3H_ TdR During the Course of Culture LI of the epi-
dermis was highest (39%) at 4 d of culture, and subsequently became 
constant (from 7 -12%) for cultures up to 12 weeks (Fig 4). 
Turnover Time of Epidermis of Ex plants The chasing started 
both at 1 and 8 weeks of culture. In both cases, cells labeled in the 
basal layer were gradually pushed upward and arrived at the granu-
lar layer in 7 d in most cases, later disappearing in the horny layer 
(Fig 5) . 
Analysis of Keratin Patterns Keratin bands. corresponding to 
68 kD, as well as strong incorporation of 3H-glycine into these 
bands, were observed in all cultures of 12 weeks' duration (Fig 6). 
Figure 5. Chasing of epidermal cells labeled with 3H-TdR in organ cul-
ture. Autoradiography. A, after 8 weeks' culture and after 14 h labeling with 
' H-TdR. Labeled cells are situated at the basal layer (arrows); B, after 8 
weeks ' culture and 3 d after labeling. Labeled cells are situated. in the middle 
of the epidermal layer (arrows); C, after 8 weeks' culture and 8 dafter 
labeling. A labeled cell is situated in the granular layer (arrows) ; D, after 11 
days' culture and 7 d after labeling. Labeled cells are situated around the 
granular layer (arrows). 
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Figure 6. Analys is of keratin patterns of epidermis in organ culture. a-I, 
50S-gel electrophoresis of keratins derived from epidermis in organ culture 
of a, 1 d; b, 7 d; c, 3 weeks; d, 6 weeks; e, 10 weeks; I, 12 weeks; g_j, 
autoradiography of glycine-'H incorporation into keratin patterns of SOS-
gel electrophoresis;g, 1 d; 11, 6 weeks; i, 10 weeks;j, 12 weeks; arrows indicate 
68-kO keratins. 
Effects ofEGF on Proliferation and Structure The L/mm of 
3H_ TdR was greatly increased, compared to controls, after a lag 
phase of 1 d in the presence ofEGF (Fig 7) . The minimal effective 
concentration ofEGF needed to increase the values ofL/mm was 1 
ng/ml ; the increase in L/ mm reached a maximum at a concentra-
tion of 6 ,ug/ml, and gradually decreased at higher concentrations 
(Fig 7). EGF increased the proliferation rate and brought about 
acanthosis of the epidermis, together with orthokeratotic hyperker-
atosis. However, increases in both the concentration of EGF (?10 
,ug/ ml) and the number of culture days produced derangement and 
swelling of keratinocytes, widening of intercellular spaces, and, 
finall y, disappearance of the granular layer and onset of parakera-
tosis , along with a reduction in acanthosis (Fig 8). 
Inhibitors ofEGF The proliferative effect of EGF was strongly 
reduced by 5-10 !tg/ mg OMS (Fig 9) . The LI of3H-TdRenhanced 
by EGF was reduced nearly to the control level by the addition of 
OMS. One of the representative experiments showed the following 
data at 2 days culture: control, 46 ± 3.2; 5 ,ug/ml EGF, 72 ± 4.1; 5 
,ug/mIEGF + lO!lg/mIOMS,46 ± 2.9; 10,ug/mIOMS,22 ± 2.1 
(p < 0.01, EGF vs EGF + OMS). Parakeratosis and acanthosis in-
duced by EGF (Fig 8) were also antagonized by OMS (Fig 9) . 
DISCUSSION 
As we have reported previously [8 ,9]' normal and psoriatic epider-
mal structures of skin explants are well maintained in organ culture 
for as long as 2 weeks. In this system, the explants are made as thin as 
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Figure 7. Effect of EGF on epidermal proliferation in organ culture. Time 
course ofEGF effect on L/ mm (left), and effect of different concentrations of 
EGF on L/ mm (right) after 2 d culture. The data of left and right curves are 
from different experiments. Each point represents the average value of 2 
determinations. OpCII circles, no EGF; crosses, 10 ng/ml EGF. 
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Figure 8. Effect of EG F on the epidermal structure in organ culture. Auto-
radiography with ' H-TdR. Explants were cultured for 3 d in the presence 0 
EGF at the concentration oEO ng/ ml (A) , 5 ng/ml (B) , and 10 ng/ml (C). 
Each explant was pulse-labeled with ' H-TdR for 14 h. Cells which incorpo-
rated ' H-TdR (arrows) are increased in number in Band C. Remarkabl~ 
acanthosis with orthokeratosis is seen in B, but, in C, the granular layer has 
disappeared and acanthosis has decreased, as compared to that of B. Ve.rtiC21 
bars represent the thickness of the viable epidermal layers in A, B, and C. 
possible and put between a pair of millipore filters. In addition, the 
rate of revolution of culture tubes is greater (15 rpm), so that suffi-
cient gases and nutrients will be transported efficiently to the ex-
plants. Further improvements we have made to the culture system 
reported in this paper are the addition of a small amount of ~ydro­
cortisone to the medium, the prevention of epiboly formation by 
trapping growing epidermal sheets in bovine collagen membranes. 
and the renewal of the membranes with medium changes. T h-
reason for some parts of the epidermal layer on an epiboly surviving 
long-term culture and maintaining their original orthokeratoti 
structure may be the thinner eI?idennis of rabbit ears as compared 
human or guinea pig skin [8,9J. The reason for the sudden lllcrease 
in LI in the early stage of culture is an interesting question still to lit 
resolved, though this phenomenon has been thought to be due 
chalone [10]. The epidermis of the explant in the steady state, after. 
the initial peak of the LI curve, may be suitable for many kinds 0 
long-term in vitro experiments, because of the stable turnover tim 
and the constant formation of 68-kO keratin, which is regarded 3l 
one of the representative orthokeratotic keratin filaments . 
In th e dermis of the cultured explants, the structure of de~ 
including the connective tissue and the outer root sheaths of hair 
follicles, is well maintained throughout the culture period, indicat-
ing that this culture system also may be applied to the study of th 
dermis in vitro. 
U sing this stable organ-culture system, we examined the effectS 
ofEGF and OMS. Addition ofEGF enhanced epidermal prolifer .... 
tion and, finally, caused parakeratosis, thereby mimicking the his-
tology of psorias is. The fact that the corticosteroid hormone, O M . 
inhibited the effect ofEGF on epidermal structures in organ cul~ 
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Figure 9. Antagonistic effect of DMS on the EGF effects in organ culture. 
Autoradiography with 3H-TdR epidermis cultured for 3 d. EGF (5 ng/ ml) 
was added to cultures ofB and C, and DMS (10,ug/ ml) was added to cultures 
of C and D. Remarkable acanthosis and increased number of labeled cells 
(a rrows) are seen (B), but DMS reversed the EGF effect almost completely 
(C). Addition of DMS alone had little effect on the morphology of the 
epidermis in culture (D). 
may coincide with the fact that corticosteroid hormones are effec-
tive in the treatment of psoriasis. EGF is known to activate phos-
pholipase A2 , resulting in activation of the arachidonic acid cascade 
[11], whereas corticosteroid hormones inhibit the activation of this 
enzyme [12] and reduce the level of arachidonic acid and HETE 
[1 3]. Increases in arachidonic acid and its metabolites (arachidonic 
acid cascade) may stimulate epidermal proliferation and inflamma-
tion in psoriatic lesions [14J. Structural changes in the epidermis of 
explants in the presence of EGF may resemble those that occur in 
psoriatic lesions. In our experiments, high concentrations of EGF 
caused parakeratosis. In a previous report [15], the best culture con-
ditions for supporting growth of epidermal cells without differen-
tiation was said to be high concentrations of EGF and low calcium 
concentrations, whereas differentiation was prompted by high con-
centrations of calcium and low concentrations of EGF. It has been 
reported that the EGF level in plasma in vivo is actually zero and 
that the EGF detected in serum is in fact derived from platelets [1 6J. 
Furthermore, it has been reported that human EGF exists in three 
different immunoreactive forms, which are all released into serum 
from platelets during blood coagulation [17J. EGF recertors are 
fou nd only on the basal cells of the normal epidermis [1 8 . There-
fore, EGF may act on the epidermis only in the case of wound 
healing or other conditions characterized by coagulation of blood. 
Transforming growth factor-lX (TG F-lX) is secreted from cells of the 
viable epidermal layers and binds to EGF receptors on basal cells, 
resul ting in autostimulation [19]. Effects of EGF and TGF-lX on 
epidermal cells are quite similar; experimentally, EGF can enhance 
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the TGF-lX autocrine and autostimulation and thus accelerate the 
proliferation of epidermal cells. The fac t that TGF-lX is secreted 
from the whole viable epidermal layer may indicate an important 
role for TGF-lX in keeping the rate of proliferation and thickness of 
the epidermis constant in physiologic conditions. 
The serum-containing culture medium, DMEM + 10-20% 
FCS, has been routinely used in keratinocyte cultures. However, it 
has been shown that in serum-free medium, addition of serum may 
inhibit keratinocyte growth [20J. Using our organ-culture system, 
we plan to study the effects of serum-free medium and the addition 
of serum components on skin explants. 
The present modified organ-culture technique has proved to be a 
stable and reproducible system in vitro, and may be useful in various 
kinds of experiments, especially those in the field of physiologic and 
pathologic epidermal differentiation. 
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